We have studied the processes which are elaborated by hippocampal neurons in dissociated cell culture. Nerve cells, which were obtained from fetal rats at 18 to 20 days of gestation, were plated at very low density onto polylysine-treated coverslips and were maintained in serum-free medium. Under such conditions, some cells develop without contacting any neighboring neurons or glial cells. Examples of such isolated cells which had developed for 1 week in culture were studied first by light microscopy, then they were sectioned parallel to the substratum so that all portions of the cell and its processes could be examined by electron microscopy. Dendrites and axons could be clearly distinguished by both light and electron microscopy. Dendrites were rather thick at the base but tapered rapidly to a minimum diameter of about 0.5 pm and contained polyribosomes throughout their length. Axons, which were several times longer than the dendrites, were thinner at the origin, tapered much less, and were essentially ribosome-free. These ultrastructural differences were particularly obvious at branch points, where cytoplasmic organelles tend to accumulate. Clusters of polyribosomes were invariably present at dendritic branch points, but they were never observed at axonal branch points. The axons most commonly arose from the proximal portion of a dendrite rather than directly from the cell body as they typically do in situ. These observations show that the fundamental differences in form and in the distribution of ribosomes between axons and dendrites can be established in cell culture. Contact with afferent fibers or with target cells during the period of process outgrowth is unnecessary for the expression of these features of axonal and dendritic differentiation.
An individual
neuron can be viewed as a mosaic of structurally distinct cellular domains-cell body, dendrites, axon, and axon terminals-each serving a different role in neuronal function. Each can be recognized by its particular complement of cytoplasmic organelles, by the particular set of constituents in its plasma membrane, and by the interactions it enters into with other cells. Within each of these regions one can frequently distinguish subdomains, such as dendritic spines or axonal nodes of Ranvier. The earliest, and perhaps most fundamental, event in the establishment of neuronal domains is the development of the two distinct classes of neuronal processes, axons ' and dendrites. One aim of our studies of hippocampal neurons in culture is to determine how this distinction between axons and dendrites arises and, ultimately, to determine the factors which control it.
In many respects, neurons which develop in dissociated cell cultures come to acquire the phenotypic properties of the corresponding neuronal cell type in uiuo. This is reflected in the physiological properties of their membranes, in their ability to synthesize, release, and take up neurotransmitters, and in their ability to form synapses (for reviews, see Fischbach and Nelson, 1977; Nelson and Lieberman, 1981) . Despite this, it is not yet certain to what extent neurons in such cultures can be said to develop structurally or functionally distinct axonal and dendritic domains. Bray (1973) , among others, has noted that the processes which initially develop from neurons in culture are not obviously separabJ.e into these two categories. In particular, quite unlike the situation in ho, one cannot recognize a single process originating from the cell body as the axon. For this reason, many investigators use the noncommittal term "neurites" to refer to the processes of nerve cells in culture.
We have chosen to study this issue using hippocampal cell cultures prepared at very low plating densities. By plating neuronal suspensions on coverslips and co-culturing these with 1944 The Journal of Neuroscience In all, about 15 isolated cells were examined by transmission electron microscopy.
Of these, six were chosen for detailed analysis.
Results
The arborization pattern of isolated hippocampal neurons. A photomicrograph of a 7-day-old hippocampal neuron grown in complete isolation from other neurons and glia. This neuron appears to have produced two different types of processes. Processes of the first type resemble dendrites in that they are relatively short, taper in diameter as they extend distally, and branch at 'Y-shaped angles (processes B, C, and D). In contrast, process A2 resembles an axon in that it is thinner near its origin, shows little indication of tapering, and extends over 400 pm from the cell soma. The neuronal processes entering the field from the left (arrows) arise from a neighboring neuron but do not contact the processes of the neuron under study at any point. The clashed line represents the edge of the trimmed block face. The enclosed rectangles indicate portions of the cell shown in Figure 3 . Scale bar: 50 pm. be analyzed. Second, most of the processes which arise from this cell can be traced unambiguously to their termination. Only the distal branches of processes B and C and two branches of process AZ intersect one another and become fasciculated. Finally, the processes of this cell display many of the features which distinguish presumptive dendrites and axons in situ, as seen by light microscopy. The dendrite-like processes B, C, and D are relatively thick at their bases, decrease in diameter with increasing distance from the cell body, and are relatively short (terminating within a radius of about 150 pm). In this case, the overall dendritic pattern also bears a rudimentary resemblance to that of a hippocampal pyramidal cell, which is the predominant cell type in these cultures (Banker and Cowan, 1979) . In contrast, process AZ, although thinner near its origin, is several times longer than the presumptive dendrites and is much more uniform in diameter. This is quite characteristic of axons seen in situ. Based on the light micrograph, one cannot be certain if this presumptive axon arises directly from the cell body or from the proximal portion of a dendrite-like process; similarly, process A, might equally well be a dendritic branch or a short axon collateral.
The distribution of organelles within an individual neuron. A low magnification electron micrographic montage of this same cell is illustrated in Figure 2 . The presence of many thin filopodia emanating from the soma and processes and attaching them to the substrate indicates that this section was taken very close to the surface of the coverslip on which the cell was growing. Nearly the full length of this cell's processes were contained within this single section (as indicated by the dashed line in Fig. 1 ). Because this section was so close to the substrate, all of the processes seen in the light micrograph, even the thinnest branches, were included in this section. Conversely, all of the processes seen in the electron micrograph, except for filopodia, could also be identified in the light micrograph.
The principal ultrastructural features of the soma and of the proximal processes of this cell can be seen in Figure 2 . The cytoplasm contains a multitude of free polyribosomes but few profiles of rough endoplasmic reticulum. The nucleus, which has apparently been sectioned near its undersurface, is rather irregular in outline and shows clumps of chromatin beneath the nuclear membrane. These features are typical of immature neurons. Occasional microtubules can be seen along the periphery of the perikaryon and continuing into the cell's processes. Some of the features of this cell's processes are illustrated at higher magnification in Figure 3 . Figure 3A shows the origin of one of the presumptive dendrites. Microtubules funnel into this process from the cell body and become aligned in parallel with the long axis of the process. Many free polyribosomes are scattered among the microtubules, as are mitochondria and coated vesicles. This process branches about 10 pm from the soma. The cytoplasmic organelles found within the process, such as polyribosomes and mitochondria, show a pronounced accumulation in the fork of this branch point. Electron micrographs illustrating more distal portions of a presumptive dendrite (at 110 pm from the soma) and of a branch of the presumptive axon (at 90 pm from the soma) are shown in Figure 3 , B and C. At this distance, the processes are 2 to 3 times thinner than at their origin. Microtubules are prominent features of both types of processes, and both contain occasional mitochondria and cisterns of smooth endoplasmic reticulum.
Polyribosomes, however, although present in the dendritic process, are not seen in this portion of the axon. It is difficult to judge the consistency of this difference from individual examples such as these, but, since a large fraction of this cell could be studied electron microscopically, it was possible to determine the density of polyribosomes throughout much of this cell's arborization.
This result is shown in Figure 4 . On this basis, the difference between the two classes of processes The Journal of Neuroscience Axonal and Dendritic Development in Hippocampal Cultures Figure 2 . An electron micrographic montage of the neuron shown in Figure 1 , illustrating its cell body and the origin of its four processes. The cell body contains many free polyribosomes and mitochondria, which also extend into the processes. Many filopodia arise from both the cell body and processes. Scale bar: 4 pm. Bartlett and Banker Vol. 4, No. 8, Aug. 1984 Figure 3. Electron micrographs illustrating portions of the processes of the neuron shown in Figure 1 . A illustrates the origin of one dendritelike process (process B). Ribosomes are found at the base of this process, in the angle of its branch point, and extending into each of its branches. B shows one of the branches of this dendrite at 110 pm from the soma, and C shows one branch of the presumptive axon (process Az-) at 90 pm from the soma. The features of the distal and proximal portions of the dendrites are similar, although the density of polyribosomes decreases distally (compare A and B). In contrast, ribosomes are essentially absent in the presumptive axon. D shows the origin of process A, from which the presumptive axon arises. The proximal portion of process A resembles the other three presumptive dendrites in that it contains numerous polyribosomes, which are especially concentrated at its first branch point. Beyond this point the features of one branch, AZ--the presumptive axon-change.
Most notably, the density of polyribosomes decreases markedly. This process, which continues for over 400 pm, is essentially ribosome-free throughout.
The other branch, A,, contains ribosomes throughout its length. Scale bar: A, B, and C, 1 pm; D, 1.5 pm.
of this cell is striking. Polyribosomes are present in all of the processes judged to be dendrites by light microscopy. The density of polyribosomes within the presumptive dendrites is variable and declines with distance from the cell body, but in most instances they extend as far as the dendritic growth cone. In contrast, polyribosomes are only rarely found in the axon. The origin of the axon of this cell is shown in Figure D . Surprisingly, the base of the process which gives rise to the axon is identical in its appearance with the cell's dendritic processes. It contains a profusion of polyribosomes as well as mitochondria and coated vesicles, which have accumulated at its most proximal branch point. Beyond this point one of the daughter branches, AZ, rapidly takes on the features of the axon. Immediately beyond this branch point, its width becomes reduced to about 0.5 pm and remains at about this value over all of the rest of its length. Concurrently, ribosomes become extremely rare. This initial portion of the axon lacks the dense membrane undercoating or the fasciculation of microtubules which characterize the initial segment of mature axons in situ Figure 1 illustrating the distribution of ribosomes in its processes. The figures represent the density of polyribosomes (number per square micrometer) at each of the indicated positions along the cell's processes. Arrows point to branch points which contain (+) or lack (-) polyribosomes. Ribosomes are found throughout the full length of the dendrite-like processes but rapidly decrease in numbers in the axon-like process Al soon after its origin from process A. Ribosomes are found at each dendritic branch point but not at axonal branch points. Scale bar: 50 pm. the other branch (Al), which contains polyribosomes and resembles the cell's other dendritic processes throughout its length. Thus, in this instance, the cell's axon appears to arise from the proximal portion of a dendrite rather than directly from the cell body.
Additional examples of isolated cells. Figure 5 illustrates several segments along a dendrite (A, B, and C) and an axon (D, E, and F) of two other isolated cells from cultures which had been maintained for 7 days. The most obvious ultrastructural difference between them is that the axons contain few if any ribosomes. By contrast, polyribosomes are present along the full length of the dendrite as far as the base of the dendritic growth cone (Fig. 5C) . This difference can be most easily appreciated in electron micrographs of the points at which the processes branch (Fig. 5, A and D) . The organelles present along the process tend to accumulate at branch points, as if their transport had been slowed or interrupted. Dendritic branch points (Fig. 5A) invariably contained a pronounced accumulation of ribosomes (16 of 16 examples); ribosomes were not found at any of the 17 axonal branch points examined.
The complete arborization pattern of these two additional isolated cells is illustrated in Figure 6 , and the density of polyribosomes in their processes is indicated. Both cells have several short, tapering dendrites, which contain ribosomes throughout, and a single long axon from which ribosomes are largely excluded. As is typical of most cells we examined, the axons of both of these cells arose from the proximal portion of a ribosome-containing, presumptive dendrite rather than from the cell body. One of the cells examined in this study (not illustrated) gave rise to two separate axons. One axon arose directly from the soma, the other from a dendrite.
It, might, he argued t,hat the differences between the distribution of ribosomes in the presumptive axonal and dendritic processes are of no particular significance, but simply reflect the facts that ribosomes become less frequent at progressively greater distances from the soma and that the axons extend for longer distances than the dendrites. The data summarized in Table I , which compares the density of polyribosomes in dendrites and in the proximal portions of axons at equivalent distances from the cell body, indicate that this is not the case. Even in the proximal segments of axons, the density of ribosomes is 5 to 10 times lower than in the dendrites.
A comparison of the axons and dendrites illustrated in Figures 3 and 5 suggests that multivesicular bodies and coated vesicles are more common in dendrites than in axons. These organelles also tend to accumulate at dendritic, but not at axonal, branch points. To our knowledge, a differential distribution of these organelles has not been noted for either mature or developing neurons in situ.
One of the features that distinguishes dendrites by light microscopy is their tendency to taper. Because the resolution of light microscopy is not sufficient to measure this accurately for hippocampal cells in culture, we determined the width of the axonal and dendritic processes in the electron micrographs used for analysis of ribosome density. Since the sections were cut parallel to, rather than perpendicular to, the long axis of roughly cylindrical processes, the values obtained represent the width at the level of sectioning, and on average will be somewhat less than the true diameter. Nevertheless, these measurements provide an estimate of the relative diameter of the two classes of processes. Figure 7 illustrates the change in process width at increasing distances from the cell body for one of the neurons we have analyzed (the cell shown in Fig. 6B ). The dendrites are relatively thick at the base but taper rapidly until they reach a minimum width of about 0.5 ,um. In marked contrast, the axon is thinner at its origin, tapers only gradually over its initial 150 to 200 pm, and does not significantly decrease in thickness beyond this. Similar results were obtained for the neuron illustrated in Figure 1 (data not shown) . Figure 5 . The ultrastructural features of the dendritic and axonal processes from two other isolated cells after 7 days in culture. A, B, and C illustrate segments along a dendritic process at progressively greater distances from the soma (20 pm, 45 pm, and 90 pm, respectively). D and E illustrate segments of the axon of another cell at 380 pm and 220 pm from the soma. In F, at 520 pm from the soma, the two most distal branches of this axon have become fasciculated. Note the presence of ribosomes in the dendrites and their pronounced accumulation at the branch point (A). Even at the base of the dendritic growth cone (C), where microfilaments become prominent, occasional ribosomes are present (arrows) . Ribosomes are absent in the axon, even at branch points, where other organelles, such as mitochondria, accumulate. Multivesicular bodies (asterisk) are also common in dendrites. A, B, and C are taken from the cell illustrated in Figure 6A ; D, E, and F are from the cell illustrated in Figure 6B . Scale bar: A, B, and C, 1 wrn; D, E, and F, 0.5 pm.
Because there are differences in the density of microtubules in axons and dendrites in older hippocampal cultures (Bartlett microtubules/pm; dendrites: 7.1 + 2.9 microtubules/nm; mean rtr SD). Figure 6B . There is a rapid decrease in the width of the dendrite-like processes at progressively greater distances from the cell soma. On the other hand, the axonal process and its branches taper only gradually over the first 200 pm and do not decrease further at greater distances.
cells could establish structurally distinct axonal and dendritic domains when grown in isolation. Our results demonstrate that, after 1 week's growth in culture, axonal and dendritic processes can be distinguished based on differences in their pattern of growth and in the organelles which they contain. These results show that contacts with other neurons or with glial cells during the period of nerve fiber outgrowth are not necessary for these aspects of axonal and dendritic differentiation to occur normally.
When neuronal processes that had been identified by light microscopy as presumptive axons and dendrites were compared by electron microscopy, the most obvious distinction between them was that ribosomes were consistently present in the presumptive dendrites but were only rarely encountered in presumptive axons. Because the density of polyribosomes declines in distal dendrites, and because polyribosomes are often clustered, they are not present in every segment of every dendrite. Nonetheless, when the density of polyribosomes is determined for all of the processes of a cell, the distinction between ribosome-containing and ribosome-poor processes is obvious. This exactly mirrors the situation in situ where, even at early stages of process development, ribosomes are common in dendrites but rare in axons (Tennyson, 1970; Peters and Feldman, 1973) .
This distinction between the axonal and dendritic processes of cells in culture is especially obvious at points of fiber branching. Many of the organelles within the fibers, including mitochondria and various membranous elements, accumulate at the forks of branch points, as if their cytoplasmic transport were slowed or interrupted at these sites. In dendrites the local concentration of polyribosomes is several times greater at branch points than in intervening segments of the process. No ribosomes were observed at any of the axonal branch points examined.
Coated vesicles, coated pits, and multivesicular bodies were also observed more frequently in dendrites than in axons. These organelles are involved in receptor-mediated endocytosis and the uptake and intracellular transport of membrane receptors in neurons (Claude et al., 1982) , as in other cell types (Goldstein et al., 1979; Pastan and Willingham, 1981) . Coated vesicles and coated pits are also often seen near the postsynaptic membrane at developing synapses, suggesting that they might be involved in the localized insertion of specific membrane constituents 1952 Bartlett and Banker Vol. 4, No. 8, Aug. 1984 such as transmitter receptors (Bursztajn and Fischbach, 1979, 1980) or of components of the postsynaptic density (Altman, 1971; Rees et al., 1976) . At present we do not know the significance of their preferential localization in the dendrites of hippocampal neurons in uitro or if they display a similar differential distribution in the developing hippocampus in situ. One inherent limitation of the present study is that only some of the morphological differences between axons and dendrites can be studied in the cultures we have examined. Many of the most obvious features which distinguish axons and dendrites in situ (reviewed by Peters et al., 1976) , such as their synaptic polarity or the presence of dendritic spines or of a myelin sheath, cannot be applied to neurons which develop in isolation. Others appear only at later stages of neuronal maturation. For example, neurofilaments are uncommon in hippocampal neurons even after development for 3 weeks in culture, so that differences in the proportion of microtubules and neurofilaments cannot be used to distinguish axons and dendrites. We also failed to observe the morphological specializations characteristic of the axon initial segment. To our knowledge, these specializations have not been identified in dissociated cell cultures from the brain or spinal cord, even after longer periods of time in culture. interactions which occur in situ, before the cells are taken from the fetus, on their subsequent growth in vitro. At present this question cannot be satisfactorily answered. Based on Golgi and electron microscopic studies of neuronal development in the hippocampus and in neocortex (Shoukimas and Hinds, 1978; Nowakowski and Rakic, 1979) , together with studies of thymidine incorporation (Banker and Cowan, 1977; Schlessinger et al., 1978) , it seems probable that most hippocampal pyramidal cells would have established axons and some would have initiated dendritic development at the time they were taken for culture. Although these processes disappear after dissociation and plating into serum-containing medium,4 some cytoskeletal organization might persist within the perikaryon which could influence the new processes which subsequently develop in culture (see Solomon, 1981) . However this may be, our results show quite clearly that no cellular contacts need be present during the period of process extension and differentiation for structurally distinct axonal and dendritic domains to develop.
One aspect of the axonal organization of these cells is unusual: the axon most frequently arises from the proximal portion of a dendrite rather than directly from the cell body. This is occasionally seen in the hippocampus and in other regions in situ, but it is much more common for the axon to arise directly from the soma. This unexpected mode of axonal origin may be the rule rather than the exception for cells in culture. It has been observed following intracellular staining of cells in cultures prepared from spinal cord (Neale et al., 1978) , cerebral cortex (Kriegstein and Dichter, 1983) , and sympathetic ganglia (Wakshull et al., 1979) . Some cells in hippocampal cultures also have more than one axon. These findings suggest that some facet of axonal development, which ordinarily ensures that a single axon emerges from the perikaryon of the cell, is disrupted in culture, although axonal elongation and differentiation are unimpaired.
It would be of interest to know why this is so.
Our results raise several important additional questions. One concerns the sequence of events leading to the differentiation of axons and dendrites in vitro. After development for 1 or 2 days in culture, a typical cell has extended several short processes which cannot readily be distinguished as axons or dendrites by light microscopy. It may be that these processes are initially "indifferent," each later being influenced to develop as an axon or a dendrite. Alternatively, the development of each process may be determined from the outset, but the differences among them may not initially be recognizable.
It could also be, as suggested by Rothman and Cowan (1981) , that all of the initial processes are, in fact, dendrites, the development of axons being delayed in culture. The answers to these questions will provide a necessary foundation for studies of the cellular mechanisms which control the synthesis, transport, assembly, and restriction of particular neuronal constituents during axonal and dendritic development.
The developmental capacities of individual neurons. One issue of long-standing interest in developmental neurobiology concerns the possible importance of cell-to-cell contacts, and, in particular, of afferent innervation, on dendritic growth and dendritic form. Before considering the significance of the present results in this context, two questions must be considered. First, could cellular contacts have occurred in these cultures which were in some way overlooked? For example, could transient contacts have occurred at an earlier stage of growth in culture which elicited or influenced the differentiation of axons and dendrites, but which disappeared by the stage when the cells were studied? This cannot have been a frequent occurrence because the cells are often quite far from their nearest neighbor and because extensive degeneration of cells and their processes is not a consistent finding during the first week in vitro. Although a small fraction of the isolated cells seen at day 7 might have been contacted by another neural process at an earlier stage, the differentiation between axons and dendrites in isolated cells is much too consistent a finding to be explained on this basis.
A second question concerns the distribution of constituents present in the plasma membranes of the axons and dendrites which develop in culture. In situ the restriction of particular membrane proteins, such as receptors for neurotransmitters or voltage-sensitive ion channels, to particular regions of the cell is of special functional significance. It will be important to determine the distribution of such constituents in neurons which develop in isolation and whether this can be modified when contacts with other cells are permitted.
Finally, it is important to establish if the axons and dendrites which develop in culture participate in interactions with other cells in the same highly selective way that they do in situ. For example, when myelination occurs in culture, are only axonal processes ensheathed, or does myelin form haphazardly on both dendrites and axons? When synaptogenesis occurs in culture, do axons and dendrites recognize one another appropriately so that they acquire their normal synaptic relationships, or are synapses formed indiscriminately?
Observations bearing on this latter question are presented in the following paper (Bartlett and Banker, 1984) .
Note added in proof. Denis-Donini et al. (1984) are not necessary for the development described in this paper. 
